The integral membrane protein Band 3 of the human erythrocyte, either purified or in a crude Triton X-100 extract of ghosts, was combined with egg lecithin in a cholate solution. During dialysis to remove cholate, lipid bilayer vesicles formed in which Band 3 existed as a dimer and in which intramembrane particles indistinguishable from those in the native membrane were exposed by freeze-fracturing. The recombinant vesicles were stable in both high and low salt concentrations, sedimented at a density that increased in proportion to their protein content, and bound spectrin-actin extracted from erythrocyte ghosts. When spectrin-actin was associated with the vesicles, the behavior of the recombinant intramembrane particles simulated that of the erythrocyte ghost intramembrane particles: they were dispersed at pH 7.6 and aggregated at pH 5-5.5. Thus, some of the characteristics of the native membrane have been reconstituted in the recombinant.
trations, sedimented at a density that increased in proportion to their protein content, and bound spectrin-actin extracted from erythrocyte ghosts. When spectrin-actin was associated with the vesicles, the behavior of the recombinant intramembrane particles simulated that of the erythrocyte ghost intramembrane particles: they were dispersed at pH 7.6 and aggregated at pH 5-5.5 . Thus, some of the characteristics of the native membrane have been reconstituted in the recombinant.
Band 3* is one of the major transmembrane polypeptides of the human erythrocyte (2, 3) . It may be involved in facilitated anion movements (4, 5) and glucose transport (6) (7) (8) , and its interactions in and at the surface of the erythrocyte plasma membrane may be the basis of important structural and rheological properties. Its binding characteristics may affect the distribution of other membrane proteins (9, 10) ; its transmembrane disposition suggests that it may contribute to the appearance of intramembrane particles (2, 11, 12) ; and its possible interaction with spectrin and erythrocyte actin may influence cell shape, elastic properties, and surface topology (13) (14) (15) . Now that methods for purifying the Band 3 polypeptides in an apparently undenatured form are available (3, 16) , direct verification and analysis of these many functional attributes should be possible.
Previous work in this laboratory has implied an interaction between the integral transmembrane protein(s) responsible for the intramembrane particles of the human erythrocyte and the peripheral proteins spectrin and actin. Reasoning that Band 3 polypeptides may form the intramembrane particles, we have inserted purified or partially purified Band 3 into the lipid bilayers of egg yolk lecithin liposomes and evaluated integralperipheral protein interaction by observing particle distribution patterns in the protein-lipid recombinants. Our results demonstrate that Band 3 may form many of the intramembrane particles of the native membrane, show that the Band 3-lipid recombinants can bind spectrin and erythrocyte actin, and suggest that some of the controls that regulate intramembrane particle distribution in the erythrocyte membrane can be reconstituted by binding spectrin-actin to the recombinant. (18) . Integral membrane proteins were solubilized and partially purified by incubating a sample of packed ghosts in an equal volume of 1.5% Triton X-100 in 5 mM sodium phosphate buffer, pH 8.0, as previously described (19) . The concentration of Triton X-100 in the resultant protein solution was then lowered to its critical micelle concentration by addition of an equal volume of washed packed SM-2 beads. This mixture was incubated with gentle agitation at 40, and the Triton X-100 concentration was monitored by its UV absorption at 275.5 nm or, when tritiated Triton X-100 was used, by its radioactivity.
When the Triton X-100 reached its critical micelle concentration, the SM-2 beads were sedimented, the supernatant was collected, and sodium cholate was added to a final concentration of 20 mg/ml.
To recombine these solubilized proteins with lipid, lyophilized egg yolk lecithin was added to a final concentration of 2 mg/ml. After vigorous mixing, the solution was dialyzed against 150 mM NaCl, 250 mM sucrose, and 0.02% sodium azide in 5 mM phosphate buffer at pH 7.6 for 3 days with two changes of dialysate per day.
During dialysis the contents of the dialysis bag became cloudy as small vesicles formed. The vesicles were separated from other components in the mixture by centrifugation through a sucrose gradient.
In some experiments, Band 3 in Triton X-100 was separated from other solubilized components on an aminoethyl-cellulose ion exchange column (3) , and this purified Band 3 preparation was used, as above, for recombination with lipid. The resultant vesicles are referred to as purified recombinants, whereas the vesicles formed directly from Triton X-100 extracts are referred to as crude recombinants.
A spectrin and actin mixture was prepared by incubating fresh ghosts from fresh blood with two volumes of deionized water containing 0.1 mM EDTA (pH 8.0) at 370 (17) . The supernatant was at least 97% pure spectrin and erythrocyte actin.
Recombinant samples for freeze-fracture electron microscopy were frozen, in some cases after admixture with 40% (vol/vol) glycerol to prevent vesicle aggregation during freezing, and prepared by standard techniques (20) at -110°i n a Balzers apparatus using electron bombardment to cast the replicas (21) . Some recombinant vesicles were negatively stained with 1% phosphotungstic acid (pH 7.0) immediately after dialysis. Polyacrylamide gel electrophoresis was performed in 0.2% sodium dodecyl sulfate according to refs. 17 and 22. Protein was determined by the method of Lowry et al. (23) , using bovine serum albumin as a standard. In samples containing Triton X-100, 0.3% sodium dodecyl sulfate was included in the alkaline copper reagent to prevent the formation of a yellow precipitate. Phospholipid phosphorus was determined after extraction with 2:1 chloroform/methanol (24) and ashing (25) .
RESULTS
Solubilization and recombination of membrane components Treatment of human erythrocyte ghosts ( Fig. 1A) with 0.75% Triton X-100 selectively solubilized Bands 3, 4.2, 6; PAS 1, 2, and 3 (PAS refers to periodic acid-Schiff stain); and several minor species, Band 4.5 (Fig. 1B) . These solubilized polypeptides were used as the starting material in our experiments to reconstitute intramembrane particles in lipid vesicles because they are known to exhibit discrete and characteristic sedimentation behavior, are well separated from the lipids also solubilized in the detergent (19) , and include all the proteins spanning the erythrocyte membrane (2) .
Isopycnic density gradient centrifugation. Samples were reconstituted with various protein:lipid ratios and centrifuged on linear sucrose gradients. All samples were dialyzed and centrifuged in medium containing 150 mM NaCl except for samples in (E to G), where 300 mM NaCl was used instead. The protein and lipid contents in the light-scattering gradient fractions were chemically determined:
(A) no protein; (B and E) protein: lipid (wt/wt) ratio i:9.2; (C and F), 1:6.0; (D and G), 1:2.5. Omitting NaCl throughout dialysis and centrifugation had no effect on the equilibrium position of the samples.
Incubation with SM-2 beads removed the bulk of the Triton X-100 in 1 hr (UV measurements) without aggregating the proteins (Fig. IC) . Longer incubation did not significantly lower the detergent concentration. Subsequent addition of sodium cholate maintained the proteins in solution and facilitated dissolution of added lecithin. After dialysis the turbid liposome suspension (Fig. 1D ) contained less than 0.008% Triton X-100 and less than 0.026 mg/ml of sodium cholate.
Upon centrifugation through a sucrose gradient all of the lipid vesicles in a preparation equilibrated at a position characteristic of their protein:lipid ratio, regardless of the ionic strength used during dialysis and centrifugation (Fig. 2) . Band 3 was the major component in the crude recombinant (Figs. IE and 3A) and the only polypeptide in the purified recombinant (3). Some of the major membrane sialoglycoproteins, including PAS 1 and 2 (glycophorin), and 3, were also in the crude recombinant (Fig. 3B previously been shown to associate with some Band 3 molecules (9) , and the Band 4.5 region includes many minor glycoprotein species exposed at the exterior surface of the erythrocyte membrane (26) . For reasons which remain unclear, glycophorin, when present, assumed a bimodal distribution in the sucrose gradients, although in every case all the Band 3 protein was found exclusively with the lipid (Fig. 3A and C) . Under the dissociating salt conditions we used (9), Band 6 was not associated with the lipid vesicles and was recovered in a denser gradient fraction (Fig. 3A) . Structural analysis of the recombinant vesicles Electron microscopy using phosphotungstic acid negative staining (not shown) and freeze-fracturing (Fig. 4A) form a covalent dimer before Triton extraction as described in Fig. 1 legend. The sample used here is from the same preparation as electrophoresed in Fig. 1J . Samples without covalent crosslinking reaction gave similar results in the same experiment.
evident in concave and convex faces of both the purified and the crude recombinants ( Fig. 4A and B ), but not in the control vesicles from which the protein extract had been omitted (Fig.  4C ). These intramembrane particles were similar in size and appearance to many of the intramembrane particles observed in human erythrocyte membranes.
To count the number of particles per unit area of fracture face, more extended face views than provided by the smalldiameter vesicles were required. The vesicles were therefore fused by storing them as a pellet before freezing. Fusion itself did not affect the equilibrium density of the recombinants. The number of particles per unit area of fracture face was always proportional to the protein:lipid ratio in the recombinant and was consistent with the notion that one particle contained at least two Band 3 polypeptides (Table 1) , whether or not Band 3 had been covalently crosslinked by o-phenanthroline-copper (Fig. 1F-K) . Reassociation experiments The intramembrane particles were dispersed on fracture faces of the recombinant liposomes. Previous work (13) FIG. 6. Distribution of intramembrane particles in recombinants after incubation at pH 5.5 and pH 7.6. Vesicle samples A and B were obtained from gradient fractions in Fig. 5A containing Band 3-lipid recombinant plus spectrin and actin (molar ratio spectrin:Band 3 was about 0.2); samples in C were from a similar recombinant with no spectrin and actin added. After pelleting by centrifugation and storage to induce vesicle fusion, samples were incubated in 150 mM NaCl, 0.02% azide, 5 mM phosphate buffer, 40, at pH 7.6 (A) and pH 5.5 (B and C) for 30 min before freeze-fracturing. All X50,000.
that under certain conditions incubation at pH 5.5 can alter the distribution of intramembrane particles of the erythrocyte ghost and induce particle aggregation. Indirect evidence suggested that spectrin, perhaps together with actin, is responsible for this aggregation (14) . We therefore asked whether such aggregation could also be observed in the recombinant vesicles or whether aggregation required the presence of the spectrin-actin components not present in the original Triton X-100 extract.
To answer the question, a spectrin-actin extract from fresh ghosts was included in a recombinant experiment (Fig. 5) . Much of the spectrin and actin equilibrated with the recombinant on sucrose density gradients (Fig. 5A) although, under the conditions used, neither. spectrin nor actin was trapped inside the vesicles and neither reassociated with vesicles that did not contain the Triton X-100 protein extract (Fig. 5B) . The amounts of spectrin and actin associated with the vesicles varied from preparation to preparation although, in general, freshly prepared spectrin-actin extracts from freshly drawn blood gave maximal association. Reassociation experiments with purified recombinant have not been performed.
The intramembrane particles in freeze-fractured recombinants containing spectrin and actin were dispersed at neutral pH (Fig. 6A ), as were those in the samples without spectrinactin ( Fig. 4A and B) . However, incubation of the spectrinactin-containing recombinant at pH 5.0-5.5 resulted in striking patterns of particle aggregation (Fig. 6B) never observed in the absence of the spectrin-actin extracts (Fig. 6G) . In control experiments, the spectrin-actin mixture was precipitated at pH 5.0 before admixture with the recombinant. No particle aggregation was observed in these recombinants even after further incubation at similar low pH. In other controls bovine serum albumin did not bind to the recombinants, and its admixture to a recombinant containing no spectrin or actin did not promote redistribution of the intramembrane particles even after incubation at the isoelectric point of this protein (i.e., pH 5.0).
DISCUSSION
Our results show that the recombination of purified or partially purified Band 3 protein with lipid can reconstitute vesicles having several characteristics of intact erythrocytes and their ghosts. The recombinant has intramembrane particles similar to many of those in the native membrane (Fig. 4) . The association between Band 3 and lipid is stable at both high and low ionic strength (Figs. 2 and 3) , and the Band 3 polypeptides appear to remain as dimers while in the vesicle bilayer ( Fig. 1 and Table 1 ). The crude recombinant can bind spectrin-actin, but only at elevated ionic strength (Fig. 5) . Finally, having bound spectrin-actin, the recombinant intramembrane particles can be aggregated by low pH, although low pH is without effect in the absence of bound spectrin-actin (Fig. 6) .
Labeling experiments implicate both Band 3 and glycophorin as the components of the intramembrane particles of the human erythrocyte (12, 28, 29) . Both are transmembrane polypeptides, but direct identification of the particles with either has been difficult. Reconstitution experiments indicate that purified glycophorin (30) or aggregates of the hydrophobic peptide of glycophorin (31) can give the otherwise smooth fracture faces of liposomes a rough, bumpy, or rugose character. On the other hand, our experiments show that Band 3 alone can reconstitute the appearance of discrete particles indistinguishable from most of those in the erythrocyte membrane. Furthermore, the stability of our recombinant at high and low salt concentrations and its morphology before and after crosslinking suggests that the native transbilayer disposition of Band 3 dimers has been reconstituted. However, in the native membrane, other proteins may form dynamic associations either with themselves or with Band 3. Such associations of small proteins might produce a particle which, given the resolution limits of freeze-fracturing, could not be distinguished from a particle containing only a Band 3 dimer.
Although crosslinking studies (1, 32, 33) and sedimentation analyses of detergent-solubilized components (9, 34) indicate the presence of stable protein complexes in the erythrocyte membrane, evidence for an association between Band 3 and spectrin or actin has been largely circumstantial: (i) an interaction between spectrin and some transmembrane elements can explain the aggregation of negatively charged surface sites on anti-spectrin-treated erythrocytes (15) as well as the enhanced crosslinking of spectrin in erythrocyte ghosts treated with Ricinis communis lectin (35) ; (ii) the normal complement of spectrin and actin at the inner surface of the erythrocyte can restrict the in-plane aggregation of the intramembrane particles Proc. Natl. Acad. Sci. USA 73 (1976) 3895 (13) and may also control the in-plane distribution of particles (14) Previous experiments indicating that spectrin is responsible for the low pH aggregation of intramembrane particles assumed that, in the complete absence of spectrin, low pH would not induce particle aggregation (14) . Our experiments with the crude recombinant confirm this assumption. Even though most of the proteins in the original Triton extract can be precipitated at pH 5.0 (J. Yu and T. L. Steck, unpublished observations), aggregation of the recombinant intramembrane particles never occurred except when spectrin-actin was bound to the recombinant vesicles. Since precipitates of unbound spectrinactin mixtures were without effect and since the spectrin-actin mixtures did not bind to the lipid vesicles alone, we conclude that the particles were aggregated by an association with spectrin-actin and that the recombinant simulates the intramembrane particle aggregation behavior of the native membrane. To our knowledge, this is the first suggestion that some of the elements that control macromolecule mobility in the intact membrane can be reconstituted by associating peripheral and integral membrane proteins in a lipid bilayer vesicle.
